ABSTRACT
INTRODUCTION
D-Amino acid oxidase catalyzes the stereospecific oxidative deamination of D-amino acids to the corresponding α-keto acids, with producing ammonia and hydrogen peroxide in the course of the reaction. In general, the enzyme acting on D-amino acids except acidic D-amino acids, i.e. D-aspartate and D-glutamate, is so called D-amino acid oxidase. The enzyme acting on acidic Damino acids is called D-aspartate oxidase or D-glutamate oxidase according to substrate preference. D-Amino acid oxidases have been reported in microorganisms such as Cephalosporium acremonium [1] , Fusarium solani [2] , Fusarium oxysporum [3] , Trigonopsis variabilis [4] , Rhodotorula gracilis [5] , and Candida boidinii [6] as well as in mammals such as pig [7] , mouse [8] , human [9] . D-Aspartate oxidase has been studied in human brain [10] , Cryptococcus humicolus [11] , and Fusarium sacchri var. elongatum [12] . D-Glutamate oxidase has been found in Octopus vulgaris [13] and Orconectes limosus [14] . The reactions catalyzed by these enzymes are expected to be exploited in biotechnological applications, for example, the production of α-keto acids from Damino acids, the resolution of the racemic mixtures of amino acids, and the analytical detection of D-amino acid.
We isolated Trichoderma harzianum Rifai SKW-36 as a producer of N-acyl-D-amino acid amidohydrolase, which catalyzes the hydrolysis of N-acyl-D-amino acid to D-amino acid and fatty acid [15] . Further study on D-amino acid metabolism of T. harzianum revealed that T. harzianum showed the activities of oxidative deamination towards neutral and acidic D-amino acids. Preliminary purification study showed that D-amino acid oxidizing activities detected in the cell-free extract of T. harzianum were separated into two different active portions by anionic ion-exchange column chromatography. One active portion showed D-amino acid oxidase activity and another did D-aspartate oxidase activity.
Some Trichoderma species are of industrial importance because they produce various enzymes useful in industry [16] [17] [18] . In particular, β-glucanases and chitinases from T. reesei have been well studies and widely used in pulp and food industries. However, no studies on D-amino acid metabolism and D-amino acid metabolizing enzyme of Trichoderma sp. have been studied. Moreover, there have been no reports describing the occurrence of two different kinds of D-amino acid oxidizing enzymes in fungi. The present paper describes the production condition and some properties of D-aspartate oxidase from T. harzianum Rifai SKW-36.
MATERIALS AND METHODS

Chemicals
2,4-Dinitrophenylhydrazine (DNPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), catalase from bovine liver, and peroxidase from horse radish were purchased from Wako Pure Chemicals (Japan). D-Amino acids used were from Sigma (USA). The purity of all D-amino acid used in this study was more than 98%. DEAE-Toyopearl was purchased from Toso (Japan). EAH Sepharose 4B, HiTrap Q FF (5 cm × 1 cm) and HiTrap Butyl FF (5 cm × 1 cm) were purchased from GE Healthcare (UK). Immobilization of D-phenylalanine to Sepharose 4B was performed according to the manufacturer's instruction. All other chemicals used were of analytical grade and commercially available.
Cultivation of T. harzianum Rifai SKW-36
T. harzianum SKW-36 was grown on a medium containing carbon source (~1.0%) and nitrogen source (~1.0%), 0.1 % K 2 HPO 4 , 0.1% KH 2 PO 4 , 0.05% MgSO 4 ·7H 2 O, 0.1% yeast extract, and 0.075% streptomycin (pH 5.0). The culture was grown at 30˚C for 24 -72 h with shaking in a 0.5 -l Sakaguchi flask containing 100 ml of medium or in 2 -l Sakaguchi flask containing 500 ml of medium.
Enzyme Assay
D-Amino acid oxidizing activities were assayed by measuring the formation of α-keto acids or hydrogen peroxide. Assay methods were as follows. α-Keto acid was determined by DNPH method. The standard reaction mixture for DNPH method contained 100 mM N-2-hydroxyethypiperazine-N'-2-ethane sufonic acid (HEPES) buffer (pH 8.0), 20 mM D-amino acid, 2 units of catalase, and the enzyme in a final volume of 0.5 ml. After 10-min incubation at 30˚C, 0.25 ml of 0.1% DNPH solution (in 2 M HCl) was added to the reaction mixture. After standing at room temperature for 3 min, 0.5 ml of 4 M NaOH solution was added to the mixture. The absorbance of dinitrophenylhydrazone formed was measured at 470 nm [19] . The amount of α-keto acid formed was calculated on the basis of calibration curve of each α-keto acid. Hydrogen peroxide was estimated by peroxidase-coupling method with ABTS. The standard reaction mixture for ABTS method contained 100 mM HEPES buffer (pH 8.0), 5 mM D-amino acid, 3 units of peroxidase, 1 mM ABTS, and the enzyme in a final volume of 1.0 ml. After 10-min incubation at 30˚C, the absorbance of ABTS oxidized form was measured at 470 nm [20] .
Protein Determination
Protein concentration was determined by the method of Lowry et al. [21] , using bovine serum albumin as a standard. It was also estimated by its absorbance at 280 nm in the fractionation of enzyme with column chromatography.
Purification of D-Aspartate Oxidase from T. harzianum
Cell growth and D-Asp oxidase activity of T. harzianum were examined at 24, 48, and 72 h in the casamino acid based medium. Maximum growth and enzyme activity were obtained after 48 h cultivation. T. harzianum SKW-36 was cultivated aerobically at 30˚C for 48 h in a medium containing 0.33% casamino acids, 0.1% KH 2 PO 4 , 0.1% K 2 HPO 4 , 0.05% MgSO 4 ·7H 2 O, 0.1% yeast extract, and 0.075% streptomycin (pH5.0). All subsequent purification steps were performed at 0˚C -8˚C. The buffer, 10 mM potassium phosphate buffer, pH 7.0 was used throughout the purification unless otherwise stated. A 5 -l culture of T. harzianum SKW-36 was harvested by filtration with paper filter and washed twice in the buffer.
After suspension containing about 50 g mycelium in 250 ml of the buffer, the cells were disrupted with ultrasonic oscillator (Nihonseiki Co., Japan) at 20 kHz for 40 min at 4˚C. The cell debris was removed by centrifugation (14,000× g) at 4˚C for 20 min. Crude extract was subjected to ammonium sulfate precipitation, and the active precipitate at a salt saturation between 30% and 60% was dissolved in the buffer and dialyzed against the buffer. The dialyzed enzyme solution was applied to an anionexchange column of DEAE-Toyopearl 650 M ( 3 × 50 cm), equilibrated with the buffer. Following an extensive wash with the buffer, the enzyme was eluted with 100 mM NaCl. The active fractions were applied to a Dphenylalanine-Sepharose affinity column (1.0 cm × 4.0 cm) equilibrated with the same buffer. Non-adsorbed protein was washed off thoroughly, and the enzyme was eluted with a liner gradient of NaCl from 0 to 130 mmol l -1 in the buffer. The active fractions were collected and dialyzed against the buffer. The enzyme solution was placed onto an ion-exchange column chromatography on HiTrap Q FF (5 cm × 1 cm), equilibrated with the buffer, and eluted with a linear gradient of NaCl from 0 to 220 mmol·l -1 in the buffer. The active fractions were collected and dialyzed against the buffer. Ammonium sulfate was added to the enzyme to 25% saturation. The enzyme solution was placed onto an hydrophobic interaction column chromatography on HiTrap Butyl FF (5 cm × 1 cm), equilibrated with the buffer containing 25% saturated ammonium sulfate. Following an extensive washing with 25% saturated ammonium sulfate, the elution of the enzyme was carried out with a linear gradient of ammonium sulfate from 25% to 0% saturation in the buffer. Subsequently, the active fractions were dialyzed against the buffer and concentrated with ultrafiltration system (Amicon, YM-10). The resulting enzyme preparation was stored at 4˚C.
SDS-PAGE for Purity and Molecular Weight Determination
Purity and molecular weight of purified D-aspartate oxidase were analyzed by SDS-PAGE according to the method of Laemmli [22] . The proteins were visualized by staining with Coomassie Brilliant Blue (R-250).
RESULTS AND DISCUSSIONS
Occurrence of Two Different Types of D-Amino Acid Oxidizing Enzymes
The cell-free extract prepared from T. harzianum SKW-36, which was cultured in the medium containing casamino acids as a sole carbon and nitrogen source, exhib- [23] . These indicated that T. harzianum SKW-36 might produce at least two kinds of D-amino acid oxidases different from each other in substrate specificity. In ammonium sulfate fractionation, the activity toward acidic D-amino acids, D-aspartate and D-glutamate, was only found in the fraction precipitated at 30% -60% saturation and the activity toward D-phenylalanine and D-arginine was found in precipitates at both 30% -60% and 60% -90% saturation (data not shown). Moreover, when the cell-free extract was subjected to DEAE-Toyopearl column chromatography, the activity toward acidic D-amino acids was detected in the fractions eluted by 100 mM NaCl and the activity toward neutral and basic D-amino acids was detected in the fractions eluted in the NaCl concentration between 100 and 150 mM (data not shown). These results suggested that T. harzianum SKW-36 produced at least two kinds of D-amino acid oxidizing enzymes, D-aspartate oxidase and D-amino acid oxidase, in the cells.
Effects of Carbon and Nitrogen Sources on Enzyme Activities
The effects of carbon and nitrogen sources on the activeties of these D-amino acid oxidases were tested ( Table  1 ). The media containing casamino acids or peptone as carbon and nitrogen (C-N) sources provided relatively high activities of D-aspartate oxidase and D-amino acid oxidase. While glucose as a carbon source had a tendency to increase the growth, the addition of glucose resulted in the lower activities of both the enzymes. Inorganic nitrogen compounds such as ammonium sulfate and ammonium chloride were not good nitrogen source. For the production of D-aspartate oxidase, casamino acids was found to be an most effective C-N source, and the highest specific activity of the enzyme was obtained under the cultivation with 0.33% casamino acids. For the production of D-amino acid oxidase, peptone (0.5%) and yeast extract (0.5%) were determined as most effective C-N sources. Effect of D-amino acids on activities of the enzymes was examined, but no inducible effect of Damino acids and their acetyl derivatives on the production of both the enzymes was observed in T. harzianum (data not shown). The D-amino acid oxidases from F. oxysporum [3] and R. gracilis [5] , and D-aspartate oxidase from C. humicolus [11] have been reported to be induced effectively by D-amino acids such as D-Ala and D-Asp, respectively. The result indicates that the production of D-aspartate oxidase and D-amino acid oxidase from T. harzianum could be regulated by the different type of expression mechanism from F. oxysporum, R. gracilis, and C. humicolus.
Purification of D-Aspartate Oxidase
Enzyme purification started with about 2.4 g of soluble proteins, exhibiting a specific activity of 1.61 × 10 -2 U·mg -1 . D-Asp oxidase was enriched 2.35-fold by ammonium sulfate precipitation. After consecutive purification steps using anion exchange chromatography, Dphenylalanine-Sepharose affinity chromatography, and hydrophobic interaction chromatography, the purified enzyme was obtained with a specific activity of 4.61 U·mg -1 , with a final recovery of 0.78 mg protein and a total yield of 9.2% ( Table 2) . SDS-PAGE revealed it had a subunit molecular mass of 40 kDa (Figure 1) . The monomer subunits of both human brain D-aspartate oxidase and C. humicolus D-aspartate oxidase have been reported to be the molecular masses of 37 and 40 kDa, respectively [10, 11] . These are almost the same values with that of T. harzianum D-aspartate oxidase.
Characterization of D-Aspartate Oxidase
Effects of pH and Temperature on Enzyme Activity
The optimal pH and temperature for D-aspartate oxidase from T. harzianum were determined to be pH 7.5 -8.0 and 35˚C, respectively (Figures 2(a) and (c) ). The optimal pH and temperature of D-aspartate oxidase from T. harziaum were similar with those of D-aspartate oxidase from C. humicola [11] . At relatively wide range of pH between 6.0 and 9.0, the enzyme was stable, but by treating at 50˚C for 10 min at pH 5.5, 80% of the activity was lost, but at pH 10, 70% of the optimal enzyme activeity was still retained after 10 min. The enzyme was stable up to 30˚C, and by treatment at 50˚C for 10 min, only 25% of the optimal activity was lost (Figures 2(b) and (d) ). Table 3 humicolus D-aspartate oxidases, 2.70 and 3.65 mM, respectively [10, 11] . But the K m value for NMDA was rather different from those of human brain and C. humicolus D-aspartate oxidases, 6.80 and 28.0 mM, respec tively. In addition to these acidic D-amino acids, D-asparagine, D-glutamine, D-alanine, and D-valine were also slightly oxidized as low-reactive substrates at 12%, 8.8%, 9.3%, and 7.6% of the activity toward D-aspartate, respectively. It has been reported that the mutant M213R of D-amino acid oxidase from R. gracilis acted on D-aspartate and D-glutamate in addition to its original Activity was measured by DNPH method as described in the text; Activity is given relative to that measured for D-Asp; Data are expressed as means ± SD (n = 3).
Kinetic Properties and Inhibitors
substrates [23] , but no acidic D-amino acid oxidase catalyzing oxidative deamination of D-asparagine, D-glutamine, and D-alanine has been reported. D-Aspartate oxidase from T. harzianum showed no catalytic activity towards both L-aspartate and L-glutamate. It might be a new type of enzyme in substrate specificity, which acts on more wide rage of substrates than the other D-Asp oxidases reported previously. Inhibitory effects of carboxylic acids and metals were investigated ( Table 4) . 
CONCLUSIONS
